Abstract-This paper presents the design and analysis of a novel high thrust force linear actuator with high backdrivability. This motor consists of a mover and a stator with spiral (helical) structure. The mover moves spirally in the stator, and the linear motion is extracted to drive the load. This motor is a direct-drive system and highly backdrivable. In this paper, a basic model and thrustforce/torque equations are proposed, and finite-element method analysis and experimental results of a prototype are presented. 
NOMENCLATURE α
Angle of a sector-type permanent magnet (PM).
B r
Residual flux density of a PM.
c(θ)
Spatial distribution for magnetomotive force of a PM. f Thrust force of the mover. 
I. INTRODUCTION
A COMBINATION of servomotors and high-ratio gears, such as harmonic gears, is widely used in robotic applications. Considering that the electric motor has high-velocity and low-torque characteristics, the output of the motor is reduced by high-ratio gears. However, loss of torque and output power occurs during their transmission by the gears. The joint of robots becomes nonbackdrivable due to the high-ratio gears. The nonbackdrivability causes lack of adaptability and safety. Various joint mechanisms and controls that recover the backdrivability were reported in past works [1] - [10] . The direct-drive system, first reported in [1] , avoids friction loss and realizes good controllability; however, the mass and volume of the joint becomes too big. Torque sensorless control for a direct-drive manipulator based on disturbance observer was proposed in [2] . Another 0278-0046/$25.00 © 2009 IEEE sensorless force control for a manipulator with geared actuators was reported in [3] . Moreover, an accelerometer improves the performance of the disturbance observer [5] . The twin-drive system reported in [6] cancels the static friction of the two geared motors of each other by using a differential gear system. The static friction does not appear in the total output of the joint system. Some actuators put elastic mechanism between the output and gears [7] - [10] . The elasticity improves stability and safety but decreases controllability in a high-frequency domain. A two-stage actuator system [8] overcomes this drawback; however, the system becomes complicated.
From the viewpoint of controllability, the direct-drive systems are suitable for robotic applications because they are almost free from backlash and friction and easy to realize for precise, high-speed, and safe motion. However, conventional direct-drive systems, including linear motors, are relatively big for such applications.
In this paper, a novel linear actuator with spiral structure is proposed. The motor consists of a spiral stator and a spiral mover with PM. The mover almost does not contact the stator and moves spirally in the stator under a proper gap control. Thus, the motor realizes direct-drive motion. Moreover, the motor has high thrust-force characteristics because the flux of the motor is effectively utilized in its 3-D structure.
On the other hand, several types of linear motors have been developed [11] - [34] recently. A high thrust density linear (HDL) motor, which has PMs inside the mover teeth, have been proposed in [19] - [21] . From the viewpoint of a thrust force per air-gap area, it was reported that the HDL can generate a thrust force two times higher than a linear PM synchronous motor and six times than a linear induction motor [20] .
Another type of high thrust-force linear motor-tubular linear PM (TL-PM) motor-was reported in [11] - [14] , [22] - [25] . The design optimization and magnet arrangement of the TL-PM was discussed in [22] , and the quasi-Halbach magnetized magnet type was developed in [23] - [25] . Comparisons among different TL-PM motor configurations were reported in [12] .
Articles [27] - [33] present various types of a helical-motion motor which is a 2-DOF actuator capable of producing rotary, linear, or helical motion. There are induction-type [27] - [30] , reluctance-type [31] , and permanent-magnet-type [32] , [33] motors. Another variation is a 1-DOF actuator with rotarytype stepping motor drive system applied to a mover with double-helical PM [34] . All these helical motors are radial-gap motors.
The motor proposed in this paper is an axial-gap helicalmotion PM motor, which is completely different from any linear motors mentioned earlier. Due to its large air-gap area, the motor can generate a relatively high thrust force. The rest of this paper is organized as follows. A basic permeance model of the spiral motor is proposed and the thrust-force characteristics are derived in Section II. Then, a first prototype of the motor is introduced in Section III. Numerical analyses of thrust force for the prototype are reported in Section IV, which are then compared with experimentally measured thrust force in Section V.
Comparisons with other linear motors show, in Section VI, that the spiral motor has almost same thrust-force capabilities as the latest state-of-the-art linear motors. Section VII concludes this paper.
II. ANALYTICAL EQUATIONS
In this section, a preliminary structure and an idealized permeance model of the motor are presented. Using the permeance model, thrust-force/torque equations are derived. These equations show the dependence of the motor performance on specific parameters. Fig. 1 shows a preliminary structure of the spiral motor. PMs are attached on the surfaces of the mover. Slots are also provided for winding on the surface of the stator. Three-phase winding in the slots generates flux in the axial direction. The structure of the spiral motor is shown in Fig. 2 . The radial load of the mover is supported by two slide rotary bushes, and the thrust load is directly controlled by the electromagnetic force.
A. Structure of Motor

B. Permeance Model of Motor
In order to derive analytical thrust-force and torque equations, a permeance model of the motor for 360
• electric angular displacement in polar coordinates is presented. ) is an area of the cross section of the cylinder. R g = 3p( g + x g )/Sμ 0 is the magnetic resistance of the backward side air gap. R m = 3p m /Sμ m is the magnetic resistance of a PM. c(·)I m is a spatial function of the magnetomotive force of the PM. For simplicity, we assume that the permeability of the PM μ m is equivalent to μ 0 . In addition, the edge effect is ignored.
From this magnetic circuit, the interlinkage flux for each current is given, as follows:
where
is the permeance of the forward side air gap between the mover iron and the stator;
is the permeance of the backward side air gap between the mover iron and the stator; and = g + m is a nominal gap between the mover iron and the stator. I m = B r m /μ m is an equivalent magnetization current, i.e., the magnetomotive force of the PM. For simplicity, the spatial function c(θ) approximates a cosine function, as follows:
where k = (6 √ 3)/π 2 sin(pα/2) is the fundamental component of c(θ).
C. Thrust-Force and Torque Equations
The magnetic coenergy of the whole system is given by
The displacement of the gap between the mover and the stator holds the following relation:
where x is the linear position of the mover. Therefore, the thrust force and the torque are given by
Assume that three-phase currents are represented by the d-axis currents I d , I d and the q-axis currents I q , I q , as follows:
From (12)- (19) , the thrust force and the torque are rewritten, as follows:
From these analyses, it turns out that the d-and q-axis currents mainly affect the thrust force and the torque, respectively. In order to control the gap x g , the mover rotation angle θ is actively controlled by the torque τ . Under a proper gap control against the load fluctuation, a full direct-drive motion is achieved. The concept is similar to magnetic levitation control. For the case of rotational motors, this corresponds to bearingless drives [35] , [36] .
D. Thrust Equation for Simplified Motor Structure
The gap control is not necessary, and x g = 0 holds if we introduce a ballscrew at the axis of the mover, as shown in Fig. 5 . This system still has a quasi-direct-drive feature. Our first prototype described in the next section is such as this case. The total thrust force is a combination of the directly generated thrust (20) and that derived from the action of the ballscrew, which transforms the torque (21) into the thrust force. The total thrust-force equation is obtained, as follows:
The first term corresponds to the direct thrust force. The second term corresponds to the thrust force from the ballscrew and is derived from the principle of virtual work. As a result, the first term is cancelled, and the first term in the torque equation (21) remains. Hence, only the q-axis component of currents affects the total thrust force. This is the only case where the ballscrew is applied in order to omit gap control; otherwise, (20) becomes the total thrust force.
Assuming a series connection of the forward and backward side windings, it yields I q = I q and
where K f = 2πpqnSμ 0 kI m / p is a thrust-force constant.
III. DEVELOPMENT OF A PROTOTYPE
The structure of the proposed spiral motor is very complicated. Thus, we have designed unit components of the mover and stator. The mover and stator units are shown in Fig. 6(a) . The mover unit has two magnets on its surfaces. The stator unit equips two windings. The surfaces of these units are almost flat, and the units are possible to manufacture easily. Fig. 6(b) and (c) shows the assembled mover and stator, respectively. The spiral structures are approximately realized by combining these units.
The photos of the developed components are shown in Fig. 7 . Fig. 7(a) shows the outline of the prototype. The mover and stator units are shown in Fig. 7(b) . Two Nd-Fe-B magnets are on the surfaces of the mover unit. The iron core of the stator unit is made by Si steel plate. Fig. 7(c) shows the inner structure of the prototype. The specifications of this prototype are shown in Table I . A ballscrew is attached at one side of the axis for this prototype, as shown in functions utilizing ball elements and a ball-holding retainer between a cylindrical steel outer race and the shaft. Fig. 8 shows a rotation cancellation mechanism for the output axis of the proposed motor when only translational motion is needed in linear applications. This mechanism is attached at the tip of the output axis of the prototype, as shown in Fig. 7(a) .
IV. NUMERICAL ANALYSIS
A. Permeance Analysis
Based on the basic model described earlier, expected performance is calculated as follows. The calculated thrust-force Table I becomes 590 N/A. The maximum thrust force is obtained from a heat condition. The copper loss and heat transfer are considered; however, iron loss is neglected. The space factor of the windings is assumed to be 40%. The operation atmosphere temperature is up to 40
• C, and the windings temperature is up to 140
• C. The convection heattransfer coefficient is assumed to be 10 W/m 2 · K. The resulting rated thrust force is 2310 N, as shown in Table II . These are under the continuous operating condition.
B. FEM Analysis
The static magnetic field of a 3-D CAD model is analyzed by finite-element method (FEM). In order to reduce the number of elements in FEM analysis, a half size of the spiral motor is modeled, as shown in Fig. 9 . This is due to the limitation of computer resources. Fig. 10 shows imposed q-axis current versus calculated thrust force. FEM analysis is carried out for each q-axis current 0, 1, 2, 3, 4, and 5 A. A line in Fig. 10 is the least square fitting result. Since the model used in this FEM analysis is a half size, the doubled result is shown in Fig. 10 . The resulting thrust-force constant is 468 N/A, as shown in Table II . Fig. 11 shows the experimental setup for the developed prototype. An originally developed three-phase inverter with six power MOSFETs is used to drive the prototype. The carrier frequency is set to 20 kHz. Three-phase currents are measured by using two current sensors, and captured into a PC via an A/D converter board at every sampling period. A rotary encoder attached at the mover shaft, type HES-36-2MD made by Nemicon Co., Ltd., generates 3600 pulses per revolution. A counter board on the PC captures the pulses and accumulates the rotation angle. The rotation angle is converted into the linear translational position in the PC. The drive signal is transferred from the PC to a gate-drive circuit via a pulsewidth-modulation board. A load cell, LUX-A-5KN made by Kyowa Electronic Instruments Company Ltd., measures the thrust force of the motor. Fig. 12 shows the imposed q-axis current versus the measured thrust force. The thrust force was measured by a load cell. A line in Fig. 12 is the least-square fitting result. The data are almost on the line. The measured thrust-force constant is 538 N/A. There is a small deadband under |nI q | < 0.59 A due to the Coulomb friction of the mechanical system.
V. EXPERIMENTS
A. Experimental Setup
B. Experimental Results
The measured thrust-force constant is almost close to the one calculated by permeance analysis. The thrust-force constant by permeance analysis is 10% more than the measured one. This is because the permeance model ignores the permeance of the iron core, the leakage flux, and the edge effect.
On the other hand, the thrust-force constant by FEM analysis is 13% less than the measured one. In the FEM analysis, a half model is employed. Therefore, the effect of the flux leak at the edge of the motor becomes relatively big. This causes the reduction of the thrust-force constant.
Then, an experiment of the synchronous drive of the spiral motor is carried out for feasibility study. The reference currents are given by I u = I u = I 0 cos(2πf r t), I v = I v = I 0 cos(2πf r t − 2π/3), and I w = I w = I 0 cos(2πf r t − 4π/3), where f r = 1 Hz for 8m ≤ t ≤ 8m + 4 and f r = −1 Hz for 8m + 4 ≤ t ≤ 8m + 8 for m = 0, 1, 2, . . .. Fig. 13(a) shows the position of the mover under the reciprocating motion. Three-phase currents are shown in Fig. 13(b) . These results show the feasibility of the prototype.
VI. DISCUSSIONS
A. Comparison of Thrust-Force Capability
Thrust force per active volume and thrust force per gap area are compared among various linear motors. The active external volume is defined as e × S e , where e is an active armature length and S e is an area of the cross section of the motor [12] , [22] , [24] . If the motor is a tubular-type one and a radius of the sleeve is R e , the area is given by S e = πR 2 e . Otherwise, it is simply given by S e = W × H, where W and H are the width and height of the motor, respectively. The active armature length e is equal to the length of the outer part when the inner part is longer than the outer part. If the inner armature part is shorter than the outer part, the active armature length e is equal to the length of the inner armature part [12] . The spiral motor is the latter case. From the parameter in Table I , l e = q p + g + ps = 201 mm, where ps = 19 mm is the length of one stator block, as shown in Fig. 3 .
The comparison results are shown in Table III . Note that the spiral motor has a very wide gap area due to its axialtype motor structure. The thrust force per volume of the spiral motor is higher than the HDL motor and 14% lower than the TL Halbach magnetized PM motor. On the other hand, the thrust force per gap area of the spiral motor is slightly higher than the TL-HPM motor and lower than the HDL motor. It is difficult to obtain a straightforward conclusion on superiority or inferiority because various design conditions differ. However, it is confirmed that the spiral motor is close to the latest state of the art in linear motor technology. While the design optimization of the TL motors is reported in several papers [12] , [22] and the prototypes have been built based on these results, the optimal design of the spiral motor is still an open problem.
The thrust force per volume of BSA1, the rotary-motordriven ballscrew system with 10-mm lead length, is higher than other direct-drive linear motors. However, the thrust gain depends on the lead length of the ballscrew. In comparison with rotary-motor-driven ballscrew systems, an advantage of the spiral motor appears when the ballscrew in the spiral motor is removed. All axial thrust load is supported by magnetic force and only the radial load is supported by slide rotary bushes. Then, the motor is applicable for various direct-drive applications. The realization of a complete direct-drive spiral motor is our future subject.
B. Comparison of Mover Inertia
For many applications, the low inertia of the mover is also very important. If neutral gap displacement is achieved, i.e., x g = 0 holds, then an equivalent inertia of the spiral motor is derived, as follows. Substituting equations of translation and rotation
where J is the moment of inertia of the mover around axis, we have
Let the ratio of the mover be γ = pm / p , 0 ≤ γ ≤ 1, where pm is the length of the mover block, as shown in Fig. 3 . Assuming that the mass density of the mover is almost uniform, the equivalent moment of inertiaJ is given bỹ where M is the mass of the mover. For the case of the prototype, substituting approximate values pm = 7 mm, r b = 75 mm, r a = 19 mm into (25), we haveJ = 34.9M . The equivalent inertia is about 35 times higher than a linear motor of the same mover weight. Hence, the spiral motor results in a heavier equivalent mover and lower acceleration performance than conventional linear motors.
On the other hand, inertia gain is less than the case of rotarymotor-driven ballscrew systems because the lead length of their ballscrews is usually shorter than the case of the spiral motor. From (25) , the equivalent inertia of the ballscrew system is inversely proportional to the square of the lead length p .
VII. CONCLUSION
The design and analysis of a novel high thrust-force linear actuator with spiral structure have been presented. A basic model and thrust-force/torque equations are derived by permeance method, and the expected performance is shown. Based on this design, the prototype of the spiral motor is developed. FEM analysis and basic experimental results are shown. The thrustforce constants obtained by permeance and FEM analyses are almost within a 10% variation of the measured one by experiments. From these experiments, the designed spiral motor achieves 2000-N rated thrust force. The comparison of the thrust-force capabilities of the spiral motor with other motors is discussed. It is confirmed that the spiral motor is almost close to the latest state of the art in linear motor technology.
The proposed motor is expected to be one of the solutions for safe and high-performance robotic applications. For example, spiral motors are effective for driving a parallel-mechanism robot.
